The protein content of salt-washed cell walls isolated from etiolated stems of Pisum sativum L. approximately doubled during elongation. In the same period the concentration in the wall of hydroxyproline, hydrazine-labile (= presumably glycosylated) serine, valine, tyrosine, lysine, and histidine increased markedly in comparison with other amino acids. After elongation was completed both the amino acid composition and the protein content of the cell wall changed only slightly. The ratio for the waD of hydrazine-labile seryl residues to hydroxyprolyl residues remained constant during and after elongation and was found to be 0.20. A linear relationship was established between the rate of elongation and the concentration in the wall of the hydroxyproline-rich glycoprotein both in vivo and in cut sections incubated in buffer.
Primary cell walls contain a firmly bound hydroxyprolinerich glycoprotein that is characterized by having a short arabinose sidechain attached to most of its hydroxyprolyl residues and, furthermore, by the occurrence of galactosylated seryl residues (10, 11) . It has been proposed (6, 9) that this bond might link the hydroxyproline-rich protein to polysaccharides in the wall. Recently, a method became available to distinguish between glycosylated and nonglycosylated seryl residues (10) . Preliminary experiments with cultured tomato cells indicated that the degree of glycosylation of sefine in the hydroxyprolinerich wall protein increased with the age of the cells (9) . Since it has been suggested that the hydroxyproline-rich wall protein is responsible for the cessation of elongation growth by rendering the wall inextensible (5, 12) we decided to measure the degree of glycosylation of serine during and after elongation growth. As experimental material epicotyls of etiolated pea seedlings were chosen because in this organ the different phases of growth are spatially separated (1, 3. 5) .
MATERIAL AND METHODS
Plant Material. Seeds of Pisum sativum L., cv. Alaska, lot F, 1973, from Burgess Seed and Plant Co., were soaked in aerated water overnight, sown in vermiculite and grown in darkness for 7 or 8 days at 26 C with occasional exposure to dim green light.
In the first experiment epicotyls of 7-day-old plants were marked off with ink spots at 3 and 11 mm below the hook and the marked segments excised with a razor blade after different periods. In the second experiment 8-day-old seedlings were used. The apical hooks with the plumule were removed and six consecutive 10-mm sections of the upper part of the epicotyl were isolated.
Preparation of Cell Walls. The frozen tissue was homogenized with pestle and mortar in an ice-cold 0. 15% (v/v) mercaptoethanol solution. The homogenate was transferred to a glass homogenizer and further macerated until no fibrous material remained. The suspension was centrifuged for 10 min at 650g. The pellet was washed by suspension and centrifugation (10 min at 650g) in H20 (x 3), in M NaCl (x 3), and again in H20 (x 3).
Finally, wall pellets were lyophilized and stored at 2 C prior to analysis.
Acid Hydrolysis. Approximately 4-mg samples of lyophilized wall material were placed in a 1-ml microvial (Precision Sample Corp.) with I ml of 6 N HCI and heated under N2 for 18 hr at 110 C. The hydrolysate was evaporated at 50 C in a stream of N2 and the residue was taken up in regeneration buffer of the amino acid analyzer (8) and stored at -20 C until analysis of the amino acid composition. Amino acid analysis was performed according to Lamport (8) , and repeated at least once for each sample.
Hydrazinolysis. Samples of approximately 4 mg of lyophilized wall material were placed in a l-mI microvial with 400 gl N2H4 and heated for 10 hr at 105 C. Walls treated with N2H4 were then heated at 50 C and dried in a stream of N2 followed by storage in vacuo over P205 overnight before hydrolysis in 6 N HCI for 18 hr at 110 C for subsequent amino acid analysis. The concentration of hydrazine-labile seryl residues was obtained as follows. The ratio of Ser/(Hyp + Pro + Asp + Glu + Ala + Val + Met + lie + Leu + Tyr + Phe + Lys + His) was determined in wall material that was hydrolyzed in 6 N HCI. Then this same ratio was measured in wall material that was hydrazinolyzed before acid hydrolysis. The percentage decrease of this ratio observed for hydrazinolyzed wall material was used as an estimate for the percentage of hydrazine-labile seryl residues. Threonine, glycine, and arginine were omitted from this ratio, because of their anomalous behavior on hydrazinolysis. Hydroxyproline-Arabinosides in the Cell Wall. Wall material isolated from second internodes of 7-day-old dark-grown pea seedlings was hydrolyzed using Ba(OH)2 at 105 C for 6 hr. The hydrolysate was fractionated on a Chromobeads B column and the relative amounts of hydroxyproline and hydroxyprolinearabinosides were assayed (11 ) .
RESULTS AND DISCUSSION
Cell walls were prepared from marked stem segments isolated at different times after marking and their amino acid composition was determined. The protein content of saltwashed walls approximately doubled during elongation (Table   224 I). The composition of the wall protein changed; hydroxyproline, and serine, valine, tyrosine, lysine, and histidine also became more prominent (Table II) . With the exception of histidine, these amino acids are major components of the hydroxyproline-rich wall protein of cultured tomato cells (9) . In the second internode of 7-day-old pea plants elongation is stopping or has just ceased (5, 12) . Cell walls isolated from this part of the stem had most of their hydroxyprolyl residues glycosylated with short arabinosides containing I to 4 arabinosyl residues: Hyp Ara4: 38%, Hyp Ara3: 41 %, Hyp Ara2: 4%, Hyp Ara,: 3%; only 11% was not glycosylated. The hydroxyproline assay also showed a small peak accounting for 3% of the total hydroxyproline, which voided the column. Since the assay used to detect hydroxyproline in the effluent does not react with peptidylhydroxyproline (4, 7) this peak presumably represents a hydroxyprolyl residue substituted at the 4-hydroxyl group with a relatively large glycoside.
The data thus far presented demonstrate that in elongating pea stem tissue the protein content of the wall increases and that at the same time the amino acid composition of the wall shows an increasing similarity to the amino acid composition of the hydroxyproline-rich glycoprotein in walls of cultured tomato cells. Together with the observation that most hydroxyprolyl residues in walls of elongated pea stem tissue bear an arabinosyl sidechain, these data indicate that, during extension, pea cell walls become enriched with a hydroxyproline-rich glycoprotein comparable to that occurring in walls of suspended tomato cells.
After elongation was complete the amino acid concentrations in the wall increased only slightly (Table II) . This result is clearly in conflict with those obtained by Cleland and Karlsnes (5) and Sadava et al. (12) , who observed a marked accumulation of hydroxyproline in the wall coincident with the cessation of cell elongation. This is probably due to the fact that different experimental methods were used. In the experiments of Cleland and Karlsnes (5) and of Sadava et al. (12) hydroxyproline contents have been determined on the basis of tissue protein, whereas in the experiments described here the hydroxyproline content of the wall was expressed as amount of hydroxyproline per mg of dry wall material. Furthermore, in our study walls were used which had been extensively washed with M NaCl to remove ionically bound protein.
Treatment of walls with hydrazine seems specifically to destroy the glycosylated seryl residues in the wall (10) . Table III shows that in contrast to hydrazine-stable seryl residues the concentration of hydrazine-labile seryl residues strongly increased during elongation and that this increase ceased at about the same time as elongation did. Whereas the ratio between the hydrazine-stable serine concentrations in the wall and their corresponding hydroxyproline concentrations rapidly declined (from 0.74 to 0.25), the ratio of hydrazine-labile serine/hydroxyproline in the wall did not change appreciably and, more important, did not show any clear trend towards an increase or decrease during and after elongation. This latter In Figure 1 , the rate of elongation has been plotted against the concentration of hydroxyproline-rich protein in the wall both for marked stem sections (experiment I) excised at different times after marking and for isolated stem sections (experiment II) incubated in an auxin-containing solution. The rate of elonga-tion decreased as the concentration of hydroxyproline-rich protein in the wall increased and the two parameters were linearly related. In situ (upper line) only a slight amount of hydroxyproline-rich protein was deposited in the wall after cessation of elongation. In contrast, the responsiveness to auxin of isolated sections stopped much earlier than the accumulation of hydroxyproline-rich wall protein (lower line). The maximal value of the auxin-induced elongation rate of isolated sections (310 Am/hr according to the intercept of the lower line with the y-axis) was (Table I ) against time and measuring the slopes of the tangents at the curve through these points. The lower line (0-) was obtained for consecutive 10 -mm sections, 6 per seedling, isolated from below the hook of 8-day-old plants (experiment II). Their potential for elongating was measured by incubating sections in a tube-roller (2 rpm; 26 C, in the dark); each tube contained 15 sections in 2 ml of 5 mm sodium phosphate buffer, pH 6.8,/2% (w/v) sucrose/I Mm IAA/4 Mm CoC12 (2) . After 3 hr of incubating their lengths were determined and used to calculate the rate of elongation over that period. The relative concentrations of hydroxyproline-rich protein in the wall were calculated for both hydroxyproline and for hydrazine-labile serine, and then their means were taken. The initial concentrations of hydroxyproline and hydrazine-labile serine were 19.6 and 13.4 nmoles/mg wall respectively for the marked stem sections. In the experiment with the isolated sections the uppermost section was found to contain 23.2 nmoles Hyp/mg wall and 4 nmoles hydrazine-labile Ser/mg wall.
considerably lower than the value observed in situ (470 Mum/hr according to Fig. 1 ), indicating that conditions for elongation were not optimal.
The linear relation established between the rate of elongation and the concentration of the hydroxyproline-rich wall protein suggests that this protein stiffens the wall during extension growth, thereby reducing the rate of elongation. The question as to whether or not the glycosylated serine residues are responsible for this stiffening process is still open; since the ratio of hydrazine-labile serine to hydroxyproline is constant, this phenomenon cannot be explained by a net increase in the number of glycosylated seryl residues per molecule of hydroxyprolinerich protein. Where the seryl residues are glycosylated is not known at the moment, but the unchanging ratio of hydrazinelabile serine to hydroxyproline makes it less likely that glycosylation occurs in the wall. In that case a pool of incompletely glycosylated protein molecules might be expected to arise during a period of rapid accumulation of hydroxyproline-rich glycoprotein in the wall and the presence of such a pool would tend to lower this ratio.
